In Shiga toxin-producing Escherichia coli (STEC), induction of Shiga toxin-encoding bacteriophages (Stx phages) causes the release of free phages that can later be found in the environment. The ability of Stx phages to survive different inactivation conditions determines their prevalence in the environment, the risk of stx transduction, and the generation of new STEC strains. We evaluated the infectivity and genomes of two Stx phages (⌽534 and ⌽557) under different conditions. Infectious Stx phages were stable at 4, 22, and 37°C and at pH 7 and 9 after 1 month of storage but were completely inactivated at pH 3. Infective Stx phages decreased moderately when treated with UV (2.2-log 10 reduction for an estimated UV dose of 178.2 mJ/cm 2 ) or after treatment at 60 and 68°C for 60 min (2.2-and 2.5-log 10 reductions, respectively) and were highly inactivated (3 log 10 ) by 10 ppm of chlorine in 1 min. Assays in a mesocosm showed lower inactivation of all microorganisms in winter than in summer. The number of Stx phage genomes did not decrease significantly in most cases, and STEC inactivation was higher than phage inactivation under all conditions. Moreover, Stx phages retained the ability to lysogenize E. coli after some of the treatments.
S
higa toxin-producing Escherichia coli (STEC) strains are pathogenic and cause a wide range of diseases, with symptoms varying from noncomplicated diarrhea to the life-threatening hemolytic-uremic syndrome (HUS) (1, 2) . STEC produces two immunologically distinct toxins known as Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2), and both toxins present diverse variants (1) .
The genes encoding Stx in E. coli are located in the genomes of inducible temperate bacteriophages (Stx phages) (3) . Induction of the lytic cycle of Stx phages causes an increase in production of Shiga toxin, which is the virulence factor responsible for severe complications associated with the infection, such as HUS (2, 4) . In addition to the increase in Stx expression, the lysis of the cell caused by Stx phages allows the release of Stx outside the cell and also the dissemination of Stx phages. Free Stx phages spread within the gut and are excreted with the feces (5) . In terms of occurrence in the environment, Stx phages have been found in water bodies containing fecal contamination of human or animal origin (6) (7) (8) (9) (10) (11) (12) . Infectious Stx phages have also been detected in food samples, and despite the abundance of Stx phages in these samples, they showed levels of bacterial indicators (aerobic colony counts and E. coli) that make them acceptable for consumption according to European regulations (13) .
The widespread distribution of Stx phages in different environments indicates that they must be able to persist under diverse conditions. Previous studies suggested the persistence of environmental Stx phages (7) . Newly developed molecular methods for the quantification of Stx phages (14) , the development of new approaches for the optimal detection of plaques formed by infectious Stx phages (15) , and optimized protocols for the generation of lysogens of Stx phages allowed us to collect more reliable and quantifiable data about the persistence of infectious Stx phages and Stx phage genomes following various inactivation and disinfection processes and to evaluate their capacity for transduction after such treatments. Our hypothesis is that if Stx phages could persist better than STEC against the different inactivation conditions assayed, they possibly can generate lysogens after some of these conditions. If our hypothesis is true, this fact, together with their wide occurrence in different environments, should lead to the conclusion that Stx phages are a potential threat for the emergence of new STEC serotypes in the environment.
MATERIALS AND METHODS
Bacteriophages, strains, and media. Stx2 bacteriophages ⌽534 and ⌽557 were induced from E. coli O157:H7 stx 2 -positive strains A534 and A557 isolated from cattle (16) . Recombinant phages ⌽534⌬stx::cat and ⌽557⌬stx::cat (17) , in which a fragment of the stx was replaced by a chloramphenicol acetyltransferase (cat) gene, were used for transduction experiments. Bacteriophage SC12 was isolated from river water (18) and was used as a control virulent phage infecting E. coli strain WG5.
E. coli WG5 (ATCC 700078) was used as the host strain to evaluate the infectivity of Stx phages and the control phage and as a host for the generation of lysogens. Wild-type E. coli O157:H7 strain A557 (16) was the STEC strain used to evaluate bacterial inactivation.
Luria-Bertani (LB) broth and LB agar were used to culture bacteria. LB soft agar containing 0.7% agar was supplemented with 5% glycerol (15) to improve plaque observations. Trypticase soy agar (TSA) and ChromoCult coliform agar (Merck, Darmstadt, Germany) were used for the quantification of STEC strains. When necessary, media were supplemented with chloramphenicol (20 g/ml). Phosphate-buffered saline (PBS) (137 mM NaCl, 8 mM Na 2 HPO 4 , 1.46 mM KH 2 PO 4 , 2.7 mM KCl [pH 7.4]) was used to make dilutions of bacteria and phages.
E. coli strain DH5␣ transformed with pBAD-TOPO Vector (Invitrogen Corporation, Barcelona, Spain) containing a fragment of the stx 2 gene was used to prepare the standard for a real-time quantitative PCR (qPCR) (14) .
Induction and isolation of Stx2 bacteriophages. Lysogens of Stx phages ⌽534 and ⌽557 (16) were incubated under agitation (180 rpm) at 37°C to an optical density at 600 nm (OD 600 ) of 0.3, as measured with a spectrophotometer (Spectronic 501; Milton Roy, Belgium). To induce Stx2 bacteriophages, mitomycin C (0.5 g/ml) was added to the culture and incubated overnight at 37°C in the dark in a shaker. Phage lysates were prepared by filtration of bacterial cultures through low protein-binding 0.22-m pore size membrane filters (Millex-GP; Millipore Bedford, MA) and were enumerated by plaque blot analysis as described below. Phage lysates were diluted to obtain the same phage density for both phages (10 6 PFU/ml) used for the experiments. To be certain that no inactivation occurred other than that due to the treatment applied, fresh phage suspensions were prepared at the beginning of each experiment and then diluted and quantified to obtain the same densities of phages.
Infectivity of bacteriophages. The infectivity of the induced phages (Stx phages and SC12) after all treatments at different time intervals was evaluated using the double-agar layer technique (19) , with E. coli WG5 grown to the exponential phase (OD 600 of 0.3) as the host strain. One milliliter of the culture was mixed with 1 ml of serial decimal dilutions of phage suspensions obtained before (time zero [t0]) and after the different treatments and 2.5 ml of LB soft agar (LB broth with 0.7% agarose) containing 0.5% glycerol. The mixture was poured onto LB plates and incubated at 37°C overnight. After incubation, SC12 plaques were directly enumerated. Plaques of Stx phages were transferred to a nylon membrane and enumerated after plaque blot hybridization as described below.
Plaque blot hybridization. Plates containing between 100 and 300 PFU were selected and the plaques were transferred to nylon membranes (Hybond Nϩ; Amersham Pharmacia Biotech, Barcelona, Spain). Membranes were hybridized according to a standard procedure (20) at 64°C with a 369-bp fragment digoxigenin (DIG)-labeled stx 2 -A probe (16) or a 1,015-bp fragment digoxigenin-labeled cat probe (17), prepared as described elsewhere. Stringent hybridization was carried out using a DIG DNA labeling and detection kit (Roche Diagnostics, Barcelona, Spain) in accordance with the manufacturer's instructions.
Isolation of phage DNA. Before (t0) and at different time intervals after each treatment, phage lysates were treated with DNase (0.2 mg/ml), proteinase K (0.5 mg/ml), and phenol-chloroform (1:1) to extract phage DNA, as described previously (20) . Purified DNA was eluted in a final volume of 50 l of sterile bidistilled water and quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo Scientific, Wilmington, MA). The integrity of the DNA was confirmed by gel electrophoresis and ethidium bromide staining. Purified DNA was used to quantify the number of gene copies (GC) by real-time qPCR.
PCR procedures. Conventional PCRs were performed using a GeneAmp 2700 PCR system (Applied Biosystems, Barcelona, Spain). The primers for amplification of a fragment of the A subunit of the stx 2 gene were UP378 (GCGTTTTGACCATCTTCGT) and LP378 (ACAGGAGCA GTTTCAGACAG) (6) .
Real time qPCR assays for stx 2 were used to quantify stx GC in the phage DNA (14) . The primers and probes (900 nM for primer and 200 nM for the TaqMan probe) were used under standard conditions in a Step One real-time PCR system (Applied Biosystems, Spain), as described previously (14) . The stx real-time qPCR assay has an efficiency of 94 to 100% and a detection limit of 5.29 stx copies.
Generation of lysogens with recombinant phages. The ability of the Stx phages to generate lysogens after inactivation treatments was evaluated using the same Stx phages, in which a fragment of the stx was replaced by a chloramphenicol acetyltransferase (cat) gene (⌽534⌬stx::cat and ⌽557⌬stx::cat), which thereby confers resistance to chloramphenicol on those strains that have incorporated the Stx phage (17) . Suspensions of the modified stx 2 ::cat phages obtained by mitomycin C induction from their respective lysogens as described above were obtained. Infectious particles were enumerated by plaque blotting with the cat-DIG probe (17) , and phage lysates were diluted to contain 10 6 PFU/ml. Phages in the suspension were used to lysogenize E. coli strain WG5 (the same strain used as the host when evaluating the infectivity of Stx phages) before and after inactivation with chlorination, UV radiation, and thermal treatment.
In these experiments, 1 ml of the phage suspension was mixed with 1 ml of the culture of the host strain grown to the exponential growth phase (OD 600 ϭ 0.5). The mixture was then incubated in 5 ml of LB broth for 15 h at 37°C in a shaker. Serial dilutions of this culture were plated onto LB agar with chloramphenicol (20 g/ml).
Colonies suspected of being lysogens were confirmed via PCR using a combination of primers for Stx (rho-stx [ATATCTGCGCCGGGTCTG] ) and the primer located within the cat gene (inversCm5 [AACAGTACTG CGATGAGTG]) (amplicon of 448 bp).
Influence of pH and temperature on Stx2 phages. Stx phage lysates containing 10 6 PFU/ml of phage were incubated in 10-ml tubes at 4°C, 22°C, and 37°C for 1, 3, 7, 14, 21, and 28 days.
Phage lysates containing 10 6 PFU/ml of each phage were adjusted to different pHs (3, 7, and 9) (by adding 37% HCl for pH 3 or 1 N NaOH for pH 9) and incubated in 10-ml tubes for 1, 3, 7, 14, 21, and 28 days at 4°C. At each interval, pH was confirmed before conducting the infectivity and quantification assays.
Inactivation conditions. For Stx phages, infectivity was evaluated by plaque blotting and the number of genomic copies of stx in phage DNA was evaluated by real-time qPCR. As controls, the virulent phage SC12 was enumerated according to plaque formation, and STEC, used as the bacterial control, was enumerated according to colony growth on MacConkey agar plates.
Aliquots of phage lysates containing approximately 10 5 to 10 6 PFU/ml of the Stx phages, 10 6 to 10 7 PFU/ml of SC12, and 10 5 to 10 6 CFU/ml of STEC were used for the inactivation experiments.
For heat inactivation, the phages and bacteria were placed in 1.5-ml tubes and incubated in an incubator (Hybex Microarray Incubation System, SciGene) at 60°C and 70°C for 30 and 60 min.
For UV treatment, samples were placed 10 cm below an 8-W, germicidal UV lamp (model G30T8; 0.099-mW/cm 2 irradiance at a 253.7-nm wavelength; Sankyo Denki, Tokyo, Japan) for 1 to 30 min (21). The lamp was warmed up for 15 to 30 min before starting the experiments. The UV dose was calculated using the equation D ϭ I ϫ T, where D is the dose, T is the exposure time (60, 300, 600, and 1,800 s), and I is the "fluence rate" (or intensity) of the lamp.
For chlorine inactivation, phage lysates and bacteria were diluted 1:20 in double-distilled water, to avoid any interference between organic matter in the media and the chlorine. Samples were treated with 10 ppm of chlorine supplied as sodium hypochlorite and incubated for 1, 3, 5, 10, and 20 min at room temperature (21°C). Residual chlorine was neutralized by adding 3% (wt/vol) sodium thiosulfate (22) before conducting the infectivity and quantification assays.
Natural inactivation. To simulate inactivation under natural conditions, we used an outdoor pond that was supplied with nonchlorinated water from a well and provided a habitat for some species of goldfish. Phage lysates and bacterial cultures were diluted 1:10 in the well water used for these experiments. To avoid interference with microorganisms present in the water, the well water was filter sterilized using 0.22-mpore-size membrane filters (Millipore, Bedford, MA). Suspensions containing each Stx phage, phage SC12, and STEC were separately placed into dialysis tubes (cutoff, 14 kDa), which were sealed and placed in the outdoor pond with a water volume of 60 m 3 , protected by a cage, at a depth of 20 cm. The experiments were performed in the summer (August; temperature of 19.5°to 29.5°C and solar radiation of 23 MJ/m 2 ) and winter (February; temperature of 3.5 to 14.5°C and solar radiation of 8.0 MJ/m 2 ). The pH (6.8) and turbidity (4.1 to 6.8 nephelometric turbidity units [NTU]) of the pond were stable at all times. The tubes containing the phage lysates and the bacterial cultures were collected at various intervals and analyzed.
Statistical analyses. Computation of data and statistical tests were performed using the Statistical Package for Social Science software (SPSS). One-or two-way analysis of variance (ANOVA) was used to assess whether the values of each microorganism showed significant reductions with each treatment and at the times assayed. For all statistical analyses, P values below 0.05 were considered significant.
RESULTS
Lysogenic laboratory strains containing Stx phages ⌽534 and ⌽557 showed a reduction in optical density after mitomycin C treatment, indicating induction of the lytic cycle by activation of temperate Stx phages present in the strains. On the basis of morphology, hexagonal head and short tail, these phages belong to the family Podoviridae (Fig. 1A) (23) , which is one of the most representative among Stx2 bacteriophages. Accordingly, plaques of lysis were obtained after plating suspensions of Stx phages obtained from the induced lysogens onto an agar monolayer containing bacterial host strain E. coli WG5. The largest and clearest plaques were obtained in the presence of 5% glycerol in the LB soft agar, and therefore, this approach was used in subsequent experiments.
Although plaques of lysis were directly visible on the agar monolayer, many were small and difficult to visualize. For more accurate enumeration, plaque blot hybridization was performed. The data on infectious PFU presented in the following sections are based on counts of the plaque blot signals (Fig. 1B) .
Stability of Stx phages. The stability and inactivation experiments were performed using two Stx phages (⌽534 and ⌽557). Both phages were used at a concentration of 10 6 PFU/ml and showed very similar stabilities; therefore, the results are presented as the averages of the two Stx phages. Stx phages showed similar reductions in the number of PFU over time at different temperatures (Fig. 2, top) . After 1 month of storage at 4°C a reduction of less than 1.5 log 10 units was observed, while storage at 22°C led to a reduction of 2.2 log 10 units. Phages showed less stability at 37°C, with PFU decreasing by less than 2 log 10 units after the first week of storage but by more than 4 log 10 units after 1 month. Reduction of infectious phages was nevertheless statistically significant (ANOVA, P Ͻ 0.05) for the three temperatures assayed.
Since Stx phages are only known to carry one stx copy, the stx GC values in phage DNA can be extrapolated to the number of genomes of Stx phages in each sample. The results of qPCR showed a nonsignificant (P Ͼ 0.05) reduction, less than 1 log 10 , in the number of Stx phage genomes at the three temperatures after 1 month.
Stability at different pH values was evaluated at 4°C, since that temperature showed the lowest reduction in the number of infectious Stx phages (or PFU) and therefore the lowest influence on stability. When exposed to low pH (pH 3.0), Stx phages lost their infectivity after only 1 day, and no plaques were observed (Fig.  1B) . Accordingly, a significant reduction (P Ͻ 0.0.5), 1.5 log 10 units, of the Stx phage GC at pH 3.0 was also observed by qPCR; this was the only pH that caused a reduction in the number of Stx phage genomes. Stx phages showed almost identical inactivation, 1.5 and 1.3 log 10 PFU/ml, respectively, at pHs 7.0 and 9.0 after 1 month of storage. The qPCR also reflected the stability at pHs 7.0 and 9.0, with reductions of less than 0.3 log 10 GC/ml after 1 month. Reduction of Stx phages was statistically significant (P Ͻ 0.05) at different pH values but not statistically significant (P Ͼ 0.05) for qPCR values at pHs 7.0 and 9.0.
Inactivation treatments. The persistence of the Stx phages following different inactivation treatments was compared with that of phage SC12, a lytic phage infecting E. coli WG5, and the STEC wild-type strain A557 (serotype O157:H7, the strain from which phage ⌽557 was isolated). These were exposed to chlorination, UV treatment and high temperatures ( Table 1 ). The inactivation of Stx phages (⌽534 and ⌽557 together), SC12, and STEC by these treatments was evaluated in three independent experiments for each condition.
The infectious Stx phages ⌽534 and ⌽557 showed significant (P Ͻ 0.05) inactivation, more than 3 log 10 units, after the first minute of chlorination, while the number of gene copies was not significantly (P Ͼ 0.05) reduced, by less than 1 log 10 unit, even after 20 min. The activity of phage SC12 was also significantly (P Ͻ 0.05) reduced after 1 min of treatment. However, the strongest inactivation was observed for STEC, which, at almost 10 5 CFU/ml, fell below the limit of detection after the first minute of treatment.
In terms of UV treatment, we calculated estimated UV doses of 5.94, 29.7, 59.4, and 178.2 mJ/cm 2 at each time, and the approach allowed comparison between microorganisms, as shown previously (7, 21) . The Stx phages ⌽534 and ⌽557 were not particularly sensitive to UV treatment and showed reductions in PFU of 2.2 log 10 units after 30 min. Slightly higher inactivation was shown at all time points by phage SC12. Again, the STEC strain showed a reduction of more than 5 log 10 units after only 5 min (29.7 mJ/ cm 2 ) of treatment. Infectious Stx phages, SC12, and STEC showed statistically significant reductions (P Ͻ 0.05) over time. Analysis of the phage genomes revealed that the Stx phage particles were not affected by UV treatment since GC values did not decline significantly at any time (Student's t test, P Ͼ 0.05) ( Table 1) .
Following heat treatment, the degree of inactivation of infectious particles was slightly lower after 30 than after 60 min, although the difference was not great and most of the inactivation seemed to have occurred during the first 30 min. Treatment at 60°C had an effect on inactivation similar to that of treatment at 70°C for Stx phages (around 2 to 2.5 log 10 units of inactivation at both temperatures and times), whereas phage SC12 showed a significantly (P Ͻ 0.05) lower inactivation at 60°C than at 70°C. Stx phage genomes were still detectable by qPCR and showed a nonsignificant (P Ͼ 0.05) reduction in GC/ml, less than 1 log 10 unit at all times intervals and temperatures, which indicates that at least the phage DNA containing the stx remained intact within the phage capsid and could be amplified. In contrast, a drastic reduction, 5 log 10 units, was observed in the STEC strain after treatment at 60°C for only 30 min. Natural inactivation. The inactivation of infectious Stx phages (⌽534 and ⌽557), SC12, and STEC in the mesocosm was significantly higher (P Ͻ 0.05) for all microorganisms evaluated in summer than in winter (Fig. 3) . The strongest inactivation was shown by STEC in summer, with a decay of more than 7 log 10 units, meaning that this microorganism fell below the detection limit. In summer, the Stx phages and phage SC12 decayed by more than 4 log 10 units in 7 days and showed similar inactivation patterns, while phage SC12 persisted better than Stx phages in winter, showing 1 log 10 unit less reduction than Stx phages. Although STEC showed lower inactivation in winter than in summer, it was still the least persistent entity in winter. The Stx phages evaluated by qPCR again showed the lowest reduction in this set of experiments, and their reductions were always lower than those of infectious Stx phages. However, although in winter only 1 log 10 unit of reduction was observed, there was still a reduction in the amount of Stx phage genomes in summer of 3 log 10 units, indicating that some factor in the mesocosm was degrading phage DNA, even by damaging the phage capsids, which would cause DNA release and degradation and as a consequence a GC reduction, or by affecting the integrity of the phage DNA inside the capsid. Reductions showed by all microorganisms, including evaluation of Stx phages by qPCR, were statistically significant (P Ͻ 0.05) in the mesocosm experiments.
Generation of lysogens by Stx phages after inactivation treatments. The ability of the Stx phages to generate lysogens after the different inactivation processes was evaluated by counting chloramphenicol-resistant lysogens of E. coli strain WG5 generated after incubation with Stx phages. For these experiments, we used the same Stx phages as assayed previously but in which a fragment of stx was replaced by the cat gene, which confers chloramphenicol resistance, generating phages ⌽534⌬stx::cat and ⌽557⌬stx::cat. These phages allow chloramphenicol selection of the cells that they lysogenize. At time zero, 10% of the lysogens generated were confirmed by PCR, while all lysogens generated after inactivation experiments were confirmed by PCR.
The numbers of lysogenic colonies generated (Table 2) indicated the ability of phages to transduce stx after treatment, and although the results are presented as numerical data, it should be noted that these numbers were obtained after an incubation step (see Materials and Methods); therefore, the results should be considered qualitatively rather than quantitatively. For the same reason the results obtained for the two Stx phages are presented separately, and variations in the number of lysogens obtained for each one should therefore not be considered quantitatively (Table 2) .
In general, the number of infectious Stx phages that persisted after treatment correlated with the number of lysogens generated with the exception of thermal treatment. The number of lysogens obtained before any treatment was 2 log 10 units (Table 2) , while after UV and chlorination treatment, a few lysogens were still generated but in very low numbers in the shortest times; no lysogens were observed when longer times of treatment were applied. However, no lysogens were generated after thermal treatment under any of the conditions assayed.
DISCUSSION
Dissemination of the phages encoding the genes of Shiga toxin is the most likely mechanism accounting for the spread of these toxin genes among diverse E. coli strains and other bacterial genera. Human infections indicate that the STEC strains most commonly associated with HUS belong to particular serogroups, including O26, O45, O111, O103, O121, and O145, accounting for the non-O157 serotype, plus O157:H7 (24) and serotype O104: H4, which has recently been included. However, the transduction of stx genes could lead to the emergence of new pathogenic clones that have not yet been described. Among multiple examples of bacterial conversion by Stx phages in vivo and in vitro (16, (25) (26) (27) (28) (29) , the STEC O104:H4 strain that caused the huge outbreak of HUS in Germany in May 2011, and that also affected France, is the most recent case (30, 31) . The German O104:H4 strain presumably acquired the Stx phage in a late evolutionary event, generating a highly virulent pathogen that, unlike other enteroaggregative E. coli strains, produced the Shiga toxin (32) . The Stx phage in the O104:H4 strain was closely related to a particular Stx phage of an E. coli O111 strain (33) , suggesting that the Stx phage was released by another STEC strain and that after an undetermined period of persistence in the environment, it infected and lysogenized the German strain (34) . The origin of this Stx phage is unknown, and although recent reports indicate that the Stx2a phage in this strain is similar to those found in STEC isolated from cattle in Germany (35) , other sources of the Stx phage that could better explain the origin and epidemiology of the strain should not be ruled out.
Stx phages have been found in various environments (5, 6, (8) (9) (10) (11) (12) (13) (14) 16) , and this gives a clue to their role in the permanence and mobilization of stx in extraintestinal environments. However, the success of this spread among the bacterial population depends on their ability to retain their infectious abilities under the conditions found in a given environment. Stx phages have been shown to retain their stability and infectivity under various food-related conditions (36) and, to some extent, in the presence of certain food preservatives (37) .
In the present study, the STEC was inactivated by 1.5 to 5.4 log 10 units more than Stx phages following inactivation treatments and by 2 to 3 log 10 units more than Stx phages under natural inactivation conditions. This is consistent with previous reports (7) . Phage SC12, which showed lower persistence in laboratory experiments, persists similarly to or better than Stx phages in the mesocosm. SC12 is a phage isolated from river water (18) , and it could be better adapted to natural inactivation than the temperate Stx phages. It should also be noted that the mesocosm used to evaluate natural inactivation allowed the simultaneous evaluation of the effect of a range of factors, with the likely exception of the effect of grazing by protozoa. Nevertheless, the latter has been reported to influence STEC survival, leading to greater persistence of Stx-positive bacteria than non-Stx bacteria (38) but having no effect on phages (39) . Furthermore, the inactivation observed in the mesocosm could be attributable to solar radiation and/or temperature, as pH and other factors were relatively constant over time. The uncertainty regarding these factors makes it difficult to explain the reduction in genome copies observed, but in any case, solar radiation would seem to be the most critical inactivating factor, alone or as a part of a synergistic effect with other factors, affecting either the integrity of the phage capsids and/or the phage DNA. Radiation and oxidation agents have been reported to result in modifications to viral proteins (capsid protein backbone cleavage) and nucleic acids (40) . Nevertheless, important variations can be observed depending on the virus assayed, and previous studies in the same mesocosm system with other phages showed similar reduction of infectious phages but almost no reduction when evaluating phage genomes by qPCR (21) .
The low decay of stx copies from Stx phages after different treatments indicated that the phage DNA, at least in the fragment used to amplify the stx gene, remained unaltered despite these treatments. These results were not correlated with the decay in infectivity, however, as demonstrated previously (14) and confirmed in this study. Molecular methods provide a lot of information and are easy to perform for some viruses, like Stx phages, but they do not provide information of their infectivity. Infectious methods are also limited by the use of the right host strain (or cell culture). For Stx phages there is an additional limitation because the plaques generated are sometimes poorly visible. The comparison of infectivity and qPCR methods in the present study shows a better picture of Stx phage inactivation than the use of plaque assay alone. The differences between both approaches should be considered in those studies evaluating the abundance of Stx phages in different environments, which are mostly done by qPCR methods (11) (12) (13) (14) . Moreover, the potential danger of these phages stems from their ability to generate lysogens. An interesting finding of our study is that some Stx phages persist sufficiently to retain their capability to lysogenize an E. coli strain after some disinfection processes. This capability is shown, however, at low rates, particularly in chlorination, and with the exception of thermal treatment. Although the causes of inhibition of lysogeny after thermal treatment are unknown, the treatment should affect the mechanisms of the phage for the establishment of lysogeny while not its ability to cause lysis.
The generation of lysogens after the treatments is particularly important because of the implications that lysogenization could have for the emergence of new strains in extraintestinal environments, which can be the real threat to human health. The lysogens in our experiments were selected by antibiotics to facilitate the detection on the agar plates, and lower frequencies would probably be obtained without selection, but it should be noted that the lysogenization step in liquid culture was conducted without any antibiotic selection (see Materials and Methods). Our assays, which were conducted under laboratory conditions, may or may not be the most optimal for lysogenization, since transduction under "in vivo" conditions seems to be very effective (25, 26, 28, 29) . The Stx phage induced from the Norwegian O103:H25 isolate was shown to be capable of lysogeny after storage in a dry-fermented sausage model (36) .
Two Stx phages were evaluated in this study, although it is well known that Stx phages are a highly heterogeneous group (3, 9, 16) . The results presented herein are therefore not necessarily applicable to all Stx phages, but the two phages in this study were selected considering their characteristics and for practical reasons. They were both induced from O157:H7 strains, and although they are genetically different (16) , they present the morphology of Podoviridae phages, a morphological type commonly found in Stx2 phages (16) and to which the prototype Stx2phage 933W belongs (41) . Finally, both phages generate phage suspensions after induction from their lysogens with a constantly high number of phages, which allowed the replicates presented in our study. Other studies on the survival of Stx phages have been conducted using only one Stx phage of the same morphological type (36, 37) .
The previous observations of our group and other authors (16, 36, 42, 43) suggest that certain Stx phages (including phage 933W) (44) tend to lose infectivity when they are induced from their lysogenic host and stored for a few hours at 4°C. These previous observations were contradictory with the fact that a substantial number of infectious Stx phages were detectable in extraintestinal environments and that there was no plausible explanation at that time. In the light of the present results, it now seems clear that some Stx phages can remain infectious even after storage, which is consistent with their widespread occurrence in extraintestinal environments. Moreover, since Stx phages could be found in foodrelated environments, their persistence after storage should be considered in terms of permanence in food and the potential ingestion of Stx phages by the consumers.
Generally speaking, because of their simple structure and composition, numerous bacteriophages persist relatively successfully in the environment and are relatively resistant to natural and anthropogenic stressors (7, 18, 45) . Our results are also consistent with reports on other E. coli phages after either thermal treatment (46, 47) , UV treatment (48, 49) , or chlorination (7, 21, 50) . Chlorinating water with 10 ppm of chlorine would inactivate bacteria, which would be considered suitable for consumption according to current practices in many parts of the world. However, Stx phages may still be detected in chlorinated samples. Stx phages are not the only example of phages encoding virulence genes that persist under certain inactivation conditions more than their bacterial hosts (21) . Moreover, some environmental conditions, such as sunlight, could even cause the induction of temperate bacteriophages (51) . The real extent and risk of transduction of stx genes by temperate phages under these conditions, and the correspondence between these transduction events and the emergence of new virulent STEC strains, remain to be elucidated.
